Ldb1, a ubiquitously expressed LIM domain binding protein, is essential in a number of tissues during development. It interacts with Gata1, Tal1, E2A and Lmo2 to form a transcription factor complex regulating late erythroid genes. We identify a number of novel Ldb1 interacting proteins in erythroleukaemic cells, in particular the repressor protein Eto-2 (and its family member Mtgr1), the cyclin-dependent kinase Cdk9, and the bridging factor Lmo4. MO-mediated knockdowns in zebrafish show these factors to be essential for definitive haematopoiesis. In accordance with the zebrafish results these factors are coexpressed in prehaematopoietic cells of the early mouse embryo, although we originally identified the complex in late erythroid cells. Based on the change in subcellullar localisation of Eto-2 we postulate that it plays a central role in the transition from the migration and expansion phase of the prehaematopoietic cells to the establishment of definitive haematopoietic stem cells.
INTRODUCTION
Erythrocytes are derived from the haematopoietic stem cell (HSC) (Durand and Dzierzak, 2005) . From approximately E8.5 to E10.5 in the mouse, definitive HSCs are derived from the aorta-gonado-mesonephros region (AGM) (Medvinsky and Dzierzak, 1996; Yoder et al., 1997; de Bruijn et al., 2000; Cumano et al., 2001) . Recently the placenta has been identified as a further source of adult HSCs (Gekas et al., 2005; Ottersbach and Dzierzak, 2005) . At E11 the mouse fetal liver becomes the main organ of haematopoiesis, later replaced by the bone marrow.
HSC differentiation involves coordinated changes in transcription, often by functionally conserved genes such as Gata2, Tal1, Lmo2, Gata1 and Runx1/Aml1 (Cantor and Orkin, 2001) .
Often the binding sites for transcription factor complexes are located at great distance from the genes that they control. In the human and mouse ␤-globin locus, the interacting binding sites and genes are spread over a distance of 100 kb. A three-dimensional structure resulting from long-range interactions, the Active Chromatin Hub (ACH), has recently been demonstrated (Tolhuis et al., 2002; Palstra et al., 2003; Patrinos et al., 2004) . We anticipate that (novel) classes of proteins will mediate such 3D interactions of distal regulatory elements. An example of such a protein is Chip/Ldb1 (Morcillo et al., 1997) , a protein that can interact with the insulator protein Su(Hw) (Torigoi et al., 2000) . Initially isolated in a screen for proteins that bind LIM domains (Agulnick et al., 1996) , orthologues of Ldb1 have now been identified in a range of other species. Ldb1 is a ubiquitously expressed nuclear protein that does not bind DNA but appears to participate in transcriptional control by acting as a co-factor for other proteins. It is part of a protein complex in murine erythroid cells composed of the haematopoietic transcription factors Lmo2, Tal1, Gata1 and E2A (Tcfe2a -Mouse Genome Informatics) (Wadman et al., 1997) binding to a GATA-E box motif. This complex binds to the locus control region and ␤-globin promoter of murine erythroleukemic (MEL, C88) cells (Brand et al., 2004) , to the erythroid specific glycophorin A (Gypa) promoter (Lahlil et al., 2004) , and to multiple sites in the ␣-globin locus during erythroid differentiation (Anguita et al., 2004) .
Consistent with its interaction with a broad range of transcription factors involved in development, the Ldb1 knockout mouse dies between E9.5 and E10.5 from a series of developmental defects, including absence of haematopoieisis (Mukhopadhyay et al., 2003) (A.H., unpublished) . The latter partly resembles the knockout phenotypes of the haematopoietic transcription factors Lmo2 and Tal1 (Warren et al., 1994; Robb et al., 1995; Shivdasani et al., 1995) .
In order to understand the role of Ldb1 in erythroid transcriptional interactions, we performed a biochemical screen to identify its binding partners. Using in vivo biotinylation (de Boer et al., 2003; Rodriguez et al., 2005) we describe a number of novel partners. We show that Ldb1 forms complexes that change composition during C88 cell differentiation, and that these complexes are bound to the target genes in vivo. We show that Ldb1 and its binding partners are co-expressed at early stages of development of the murine haematopoietic system, and that the novel erythroid binding partners are required for development of the definitive but not the primitive haematopoetic system of zebrafish embryos.
MATERIALS AND METHODS

Ldb1 cDNA and bio-Ldb1 construct cloning
Ldb1 cDNA was cloned from D14.5 fetal liver RNA (Trizol, Life Technologies) by RT-PCR (SuperScriptII Reverse transcriptase, Invitrogen; Pfu Polymerase, Promega) into the EcoRI site of pBluescript (pBS) (construct AH-3).
ATG-less Ldb1 cDNA was amplified and cloned between the BamHI and NotI sites of pBS. The bio-tag was cloned directly in front of the ATG-less cDNA. Tagged cDNA was isolated as a XhoI-NotI fragment and cloned into the SalI and NotI sites of pEV-Neo (de Boer et al., 2003) to give construct pEV-Neo-bio-Ldb1.
Novel binding partners of Ldb1 are required for haematopoietic development MEL cell transfection and culture C88 cells were cultured and induced for differentiation with DMSO as previously described (Antoniou, 1991) . C88BirA cells were transfected by electroporation with ScaI-linearised pEV-Neo-bioLdb1, cultured in 96-well plates containing medium with 1 g/ml puromycin and 0.8 mg/ml neomycin to select single clones (de Boer et al., 2003; Rodriguez et al., 2005) .
Nuclear extract preparation
Small-scale nuclear extract preparation of C88 cell cultures (30-50 ml) and nuclear extracts of larger cultures (5.5-9 L) were prepared as described by de Boer et al. (de Boer et al., 2003) .
Strepatavidin pulldown and mass spectrometry
Strepatavidin-coated Dynabeads M-280 (Dynal) were blocked for 1 hour with chicken serum albumin/PBS (200 ng/l). The salt and detergent concentrations of nuclear extract samples of 5-6 mg from induced C88BirA/bio-Ldb1 cells or 15 mg from noninduced C88BirA/bio-Ldb1 cells were adjusted to 200 mM KCl and 0.3% NP40 with 10 mM KCl buffer (10 mM KCl, 10 mM HEPES-KOH, 1.5 mM MgCl 2 , 25% glycerol, 0.75% NP40, 2 mM PMSF) prior to overnight incubation with blocked beads at 4°C. The beads were washed for 5 minutes six times in washing solution (150/200 mM KCl, 10 mM HEPES-KOH pH 7.9, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.3% NP40, 0.2 mM PMSF) at room temperature. Pulled down proteins were processed and analysed by mass spectrometry (LC-MSMS, MS) as described .
Immunoprecipitations and western blot analysis
Immunoprecipitations and western blot analysis were performed as previously described . Bio-Ldb1 was detected using a 1/10,000 dilution of Streptavidin-Horseraddish Peroxidase (HRP) conjugate (NEN).
Antibodies
Monoclonal rat antibodies against Mtgr1 and Lyl1 were produced by Absea. The antibody against E2-2 was obtained from Abcam (ab2233), and all others were from Santa Cruz Biotechnology: ␣-Ldb1 (sc-11198), ␣-Lmo2 (sc-10499), ␣-Lmo4 (sc-11121, sc-22833), ␣-Eto-2 (sc-9741), ␣-Runx1 (sc-8563), ␣-Cdk9 (sc-484), ␣-HEB (sc-357), ␣-E2A (sc-349), ␣-Gata1-N6 (sc-265), ␣-HDAC1 (sc-7872), ␣-NMP 238 (sc-15259). The antibody against NMP 238 was used as a loading control for the IP experiments, because it showed no change after induction.
Chromatin immunoprecipitations
Fixation, lysis of cells and sonication of chromatin were performed as previously described . Primers for realtime PCR were as described . Primers for the Gata1 hypersensitive site (HS) and negative control sequences were:
Gata1 HS-3.5 Reverse primer: 5Ј-CCGGGTTGAAGCGTCTTCT-3Ј Gata1 HS-3.5 Forward primer: 5Ј-TCAGGGAAGGATCCAAGGAA-3Ј Gata1 Negrev: 5Ј-TGCCGCTTGCCTTTGTAAG-3Ј Gata1 Negfor: 5Ј-CACTAGCAGCTGGGTGGGTTA-3Ј
Zebrafish maintenance and morpholino injections
Wild-type zebrafish were kept and staged according to Westerfield (Westerfield, 1993) . ATG morpholinos (MO) (Gene-Tools) and corresponding mismatch MOs were derived from the genebank cDNA of ldb1 (NM_131313, 5Ј-GCCCACGTCTCGGTCCAGCATGGTG-3Ј), tcf4 (NM_131259, 5Ј-AGCTGCGGCATTTTTCCCGAGGAGC-3Ј), cdk9 (BC055634, 5Ј-CGACGCCATCGTAGTATTTGGACAT-3Ј, control mismatch MO 5Ј-CGAgGaCATCGTAcTATTTaGAgAT-3Ј), lmo4 (NM_177984, 5Ј-AGCTTTCCACACGACTGTTCACCAT-3Ј, control mismatch MO 5Ј-AGgTTTgCACACcACTGTTgACgAT-3Ј), mtgr1 (XM_695328 5Ј-CTCTTAAAAGCGTGAAAGACCGCAT-3Ј, control mismatch MO 5Ј-CTgTTAAAAcCGTcAAAGAgCGgAT-3Ј), eto-2 (EST AF164710 5Ј-AACATGACGGTTGGAACTCTGGTT-3Ј, control mismatch MO 5Ј-AAgATcACGGTTcGAACTgTGcTT-3Ј).
All MOs were dissolved in water to a concentration of 1 mM and injected at three doses (0.1 nl, 0.5 nl and 1.2 nl) into zebrafish embryos at the two-to eight-cell stage. As an injection control, rhodamin-dextrane or phenol red were added to a concentration of 10% vol/vol before use.
Whole mount in situ hybridisation
Digoxigenin-UTP (Roche) labelled antisense and sense RNA probes against the zebrafish orthologues of hemoglobin beta embryonic-1 (␤E1) (Quinkertz et al., 1999) and runx1 (M. Gering) were synthesized from linearised plasmids using T3 and T7 RNA polymerases. In situ hybridisation was performed as described previously (Jowett and Yan, 1996) . To remove pigmentation, embryos older than 32 hours postfertilisation (hpf) were treated with 5% H 2 O 2 /PBS for 2-3 hours prior to in situ hybridisation.
Probes were detected by incubation with alkaline phosphatase coupled anti-Digoxigenin antibody (Roche) and colour reaction with Fast Red (Roche) for ␤E1 and BM Purple (Roche) for runx1.
Immunohistochemistry
E9.5 FVB mouse embryos were fixed in 2% paraformaldehyde/PBS for 2 hours at room temperature. After overnight equilibration in 20% Sucrose/PBS at 4°C, embryos were orientated and quick frozen in Tissue Tek (Sakura Finetek).
Immunohistochemistry was essentially carried out as previously described (de Bruijn et al., 2002) . All animal experiments were carried out according to the Dutch Welfare of Animals Act.
RESULTS
Generation of bio-Ldb1 cells
In order to identify Ldb1 interacting partners, C88BirA MEL cells expressing the Escherichia coli BirA protein-biotin ligase (de Boer et al., 2003) were stably transfected with pEV-Neo-bio-Ldb1 ( Fig. 1A) .
A total of 16 C88BIR/bioLdb1 clones were isolated and induced to differentiate with DMSO. Nuclear extracts were tested for presence of the fusion protein using an ␣-Ldb1 antibody and streptavidin-HRP ( Fig. 1B) . Clone #3F4 was chosen because it expresses low levels of bio-Ldb1 (Fig. 1C ) in the uninduced state. This allowed us to compare Ldb1 complexes before and after terminal differentiation.
Identification of Ldb1 interaction partners
Nuclear extracts prepared from noninduced and induced #3F4 cells and untransfected C88 cells were incubated with streptavidin-coated paramagnetic beads, and separated by polyacrylamide gel electrophoresis (PAGE) (de Boer et al., 2003; Rodriguez et al., 2005) ( Fig. 1D ). Proteins were trypsin digested, eluted and analysed by mass spectrometry (LC-MSMS). Table 1 shows the pulled down proteins when washed with 150 mM and 200 mM KCl. The pattern of background proteins was similar to that observed for Gata1 (de Boer et al., 2003; Rodriguez et al., 2005) and other transcription factors (H. Braun, J. Demmers and J. Philipsen, personal communication).
The screen was validated by the fact that known Ldb1 partners (Lmo2, Tal1, Gata1 and E2A) (Wadman et al., 1997) were readily identified. We also found three proteins of the Ssdp family, members of which interact with Ldb1 in HeLa cells and in Drososphila (Chen et al., 2002; van Meyel et al., 2003; Nishioka et al., 2005) . These Ssdp interactions were not analysed further. In addition, a number of novel (potential) interaction partners of different functional classes were found, including transcription (co-)factors, cell-cycle proteins, chromatin remodelling and DNA repair proteins. Some of the previously identified binding partners of Ldb1 (Tal1, E2A), the basic helix-loop-helix (bHLH) proteins HEB (Tcf12 -Mouse Genome Informatics), E2-2 (Tcf4 -Mouse Genome Informatics),
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Lyl1 and the novel interacting protein Eto-2 (Cbfa2t3h -Mouse Genome Informatics) were detected in all three analyses. Eto-2, an orthologue of the D. melanogaster gene nervy, was the most abundant protein in two of the three LC-MSMS outputs. Mtgr1 (Cbfa2t2 -Mouse Genome Informatics), another member of the ETO protein family, was also identified by MS analysis of noninduced and induced cell extracts. The known partner Lmo2 was present in extracts from noninduced and induced cells ( Fig. 2) , whereas Lmo4, Gata1 and Runx1 were present in the MS analyses of induced cells only, although it should be noted that Gata1 may have been absent due to the fact that only very few Gata1 peptides are detectable in our MS analyses . In contrast to the proteins mentioned above, the cell-cycle protein Cdk9 was only found in nuclear extracts of noninduced cells. Proteins of different chromatin remodelling complexes were also identified only in induced cell extracts, for example Hdac1 (see Fig. S1B in the supplementary material), but these have as yet not been investigated in detail. Western blots of equal amounts of nuclear extracts of noninduced and induced C88 cells showed that the levels of all binding partners except for the newly identified interacting proteins Eto-2, Cdk9 and Lmo4, did not change significantly (Fig. 2 , input lanes) in normal untransfected cells and bio-Ldb1 cells. Levels of Lmo4 and Cdk9 increased with induction, whereas there was considerably less Eto-2 in induced extracts ( Fig. 2A , input Lmo4, Cdk9 and Eto-2 panels). Interestingly, the much less abundant 55 kD isoform of Cdk9 (Shore et al., 2003) is upregulated with induction, while the 41 kD isoform of Cdk9 decreases in untransfected MEL cells, and is present at the same levels in noninduced and induced bio-Ldb1 extracts (Fig. 2 , input Cdk9 panels); this phenomenon is also seen in differentiating macrophages (Liu and Herrmann, 2005) .
Identification of different complexes
To confirm the interactions found in the MS analysis, immunoprecipitations of equal amounts of nuclear extracts from induced and noninduced C88 cells (Fig. 2) were performed with an ␣-Ldb1 antibody. Immunoprecipitations carried out on normal C88 cells and bio-Ldb1 transfected cells showed essentially the same results. The ␣-Ldb1 antibody depleted the extracts of noninduced cells almost completely of Ldb1 ( Fig. 2A,B ). Lmo2, Tal1, the two E2A isoforms E12 and E47, HEB and Gata1, precipitated equally with Ldb1 before and after induction (not shown). The only difference we observed between the bio-Ldb1 transfected cells and untransfected cells was a small change in the ratio of expression of E12 and E47 ( Fig. 2A,B , E2A panels). Consistent with its lower level in induced cell extracts, less Eto-2 precipitated with Ldb1 from induced cell extracts compared with that of noninduced cells ( Fig.  2A ,B, Eto-2 panels). Mtgr1, the other identified Eto-family member, was also enriched to a lesser extent in induced cells ( Fig. 2A,B , Mtgr1 panels). As expected, more Lmo4 precipitated with Ldb1 in induced cells compared with noninduced cells ( Fig. 2A,B , Lmo4 panels), whereas the amount of coprecipitated Lmo2 did not change (not shown). These results suggest that the newly identified partner Lmo4 may play a more important role at later stages of erythroid differentiation. Most notably, the two isoforms of Cdk9 immunoprecipitated with Ldb1 only in noninduced cells ( Fig. 2A,B , Cdk9 panels). As Cdk9 is involved in cell-cycle progression (Bettencourt-Dias et al., 2004) , its interaction with Ldb1 in noninduced, proliferating C88 cells only, may link the complex containing Ldb1 and Cdk9 to the maintenance of the proliferative state. Although their level is unchanged, there was less coprecipitation of E2-2 and Lyl1 with either ␣-Ldb1 ( Fig. 2A,B ) or ␣-Eto-2 (not shown) in induced cells. In order to gain a better understanding of some of the Ldb1containing complexes, and to determine whether Ldb1 binding partners bind to Ldb1 in the absence of Eto-2 and vice versa, we performed sequential immunoprecipitation experiments. We first depleted nuclear extracts of either Ldb1 or Eto-2 with their respective antibodies, and then incubated the supernatants with ␣-Eto-2 and ␣-Ldb1 respectively ( Fig. 3 and see Fig. 1A in the supplementary material). Immunoprecipitations were then analysed for Ldb1 interacting proteins identified and validated in the single immunoprecipitation experiments (Fig. 3 ). It should be noted that we have not set out to characterise all the possible complexes that may be formed by every single Ldb1 interacting partner identified in the MS analysis, a task which is outside the scope of this paper.
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As noted above, the ␣-Ldb1 antibody (almost) completely depletes Ldb1 protein from the extract (Figs 2, 3, Ldb1 panels). A precipitation with ␣-Eto-2 antibody brings down high amounts of Ldb1, indicating that a high proportion of complexes contains both Ldb1 and Eto-2. However, ␣-Eto-2 did not deplete the extract of Ldb1 protein, as more Ldb1 protein is precipitated with ␣-Ldb1 from the ␣-Eto-2 treated supernatant ( Fig. 3, Ldb1 panels) . Conversely, precipitation of Ldb1 with ␣-Ldb1 antibody brings down large amounts of Eto-2 (Figs 2, 3, Eto-2 panels) but does not deplete Eto-2 completely from the extract, as there is more Eto-2 left in the supernatant (Fig. 3 , Eto-2 panel). Thus, there are probably at least three complexes, one containing both Eto-2 and Ldb1, one that contains Ldb1 but not Eto-2, and one that contains Eto-2 but not Ldb1 (Fig. 3B) .
To investigate the binding behaviour of Cdk9, the only protein that does not interact with Ldb1 upon induction of differentiation, we tested the sequential immunoprecipitations for its presence. ␣-Ldb1 antibody precipitated Cdk9 with a substantial amount left in the supernatant, which was not precipitable by ␣-Eto-2 antibody (Fig.  3, Cdk9 panel) . In reverse, incubation of nuclear extracts with ␣-Eto-2 antibody also precipitated Cdk9 only partially, the remainder also not being bound to Ldb1 (Fig. 3, Cdk9 panel) . We suggest that Cdk9 requires both Ldb1 and Eto-2 for its interaction with either of the two proteins. E2-2 and Lyl1 exhibited similar interaction behaviour ( Fig.  3) , with the exception that Lyl1 is also bound to Ldb1 alone (Fig.  3B) .
To test whether the Ldb1-Lmo2 interaction requires Eto-2, we first depleted Eto-2 followed by Ldb1 immunoprecipitation and testing for Lmo2 ( Fig. 3, Lmo2 panels) . ␣-Eto-2 brought down only some Lmo2. As all of Lmo2 is in complex with Ldb1 ( Fig. 3 ), we conclude that there is a complex containing Lmo2-Ldb1-Eto-2, and that the remaining Lmo2 left in the supernatant after Eto-2 depletion is bound to Ldb1, but not Eto-2. Lmo4 behaves similarly but shows an important quantitative difference. There is little Lmo4 before differentiation, but this increases several fold after induction of differentiation (Fig. 2) .
The two isoforms of E2A show a different binding behaviour. Both the larger E47 and smaller E12 isoforms are precipitated equally by Ldb1, albeit incompletely. The remaining E47, but not E12, is bound by Eto-2 ( Fig. 3 and see Fig. S1A in the supplementary material; E2A panels). Conversely, ␣-Eto-2 completely depletes the extracts of the E47 isoform but binds only some E12 (Fig. 3, E2A panel) . Some of this remaining E12 is precipitable by Ldb1. Taking into account the Ldb-1/E2A data from above, this indicates the presence of a complex containing Ldb1/Eto-2/E47/E12, two further complexes composed of at least Eto-2/E47 or Ldb1/E12, and 'free' E12 that can participate in other complex formation.
Mtgr1 was the second member of the Eto family identified in our MS analysis. ␣-Ldb1 antibody precipitates some Mtgr1, but not all, with a substantial amount left in the supernatant that is all precipitated with an ␣-Eto-2 antibody (Fig. 3, Mtgr1 panel and see Fig. S1A in the supplementary material). Precipitation with ␣-Eto-2 antibody, however, completely depletes Mtgr1 from the nuclear extracts, indicating that all Mtgr1 is complexed with Eto-2 ( Fig. 3 and see Fig. S1A in the supplementary material; Mtgr1 panels). We conclude that there are at least two complexes containing Mtgr1: one complex containing Mtgr1/Eto-2/Ldb1, and that the Mtgr1/Ldb1 interaction requires Eto-2; a further complex containing Mtgr1/Eto-2, but not Ldb1.
Tal1 also forms several complexes, which contain either Ldb1 and/or Eto-2. ␣-Ldb1 antibody precipitates most, but not all Tal1 from the nuclear extract, part of the remaining Tal1 is pulled down with Eto-2 ( Fig. 3, Tal1 panel) . Testing first with ␣-Eto-2 shows that Eto-2 brings down some but not all Tal1; some is precipitable with an ␣-Ldb1 antibody (Fig. 3, Tal1 panel) . This indicates that there are at least four Tal1-containing complexes: Eto-2/Tal1/Ldb1, Ldb1/Tal1, Eto-2/Tal1 and 'free' Tal1.
HEB also forms complexes that contain either Ldb1 and/or Eto-2. Both ␣-Ldb1 and ␣-Eto-2 precipitate large amounts of HEB indicating that HEB forms complexes with Ldb1 or Eto-2, and probably a complex containing all three of these proteins. A second precipitation with either ␣-Eto-2 or ␣-Ldb1 precipitates more HEB, although small amounts remain in the supernatant after this second
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Cell-cycle proteins/kinase
Cdk9 -+ --
The lower amount of identified proteins and their corresponding peptides in the lower stringency pulldown experiment of induced cells (induced 1) is due to the lower amount of input for the LC-MSMS analysis. LS, low stringency; HS, high stringency.
immunoprecipitation (Fig. 3, HEB panel) . Therefore, HEB forms at least three complexes: HEB/Ldb1, HEB/Eto-2 and 'free' HEB.
When an ␣-HEB immunoprecipitation is carried out, it does precipitate all the partners, including Lyl1, Cdk9 and E2-2, suggesting that it is part of a large Ldb1/Eto-2 complex (Fig. 3B ), or perhaps a smaller one containing Ldb1 and Eto-2. Finally, Gata1, a transcription factor known to participate in a multitude of complexes , also forms separate complexes with either Eto-2 or Ldb1. Treatment of extracts with ␣-Ldb1 antibody brings down a small part of Gata1. Further precipitation with ␣-Eto-2 provides evidence of an Eto-2-Gata1 interaction separate from Ldb1 (Fig. 3, Gata1 panel, and see Fig.  S1A in the supplementary material). In reverse, ␣-Eto-2 antibody indeed precipitates part of Gata1. Very little Gata1 is then precipitable with an ␣-Ldb1 antibody, indicating that possibly most of the Eto-2/Gata1 complex also contains Ldb1 (Fig. 3, Gata1  panel) . We conclude that Gata1 forms at least four complexes: Gata1/Ldb1, Gata1/Eto-2, Gata1/Ldb1/Eto-2 and 'free' Gata1, which is known to participate in other complexes.
Single immunoprecipitations using antibodies for the Ldb1 interacting proteins confirmed all the pairwise interactions described above (not shown).
Although it is difficult to distinguish the complexes from each other, the data strongly suggest that there are several subcomplexes formed by Ldb1 and its interaction partners that can form larger, functional complexes (possibly via the homodimerisation of Ldb1). We can distinguish two large subcomplexes with either Ldb1 or Eto-2 and one large complex containing both Ldb1 and Eto-2 ( Fig. 3B  and Fig. 7) . Upon differentiation, association with Cdk9 is lost and the level of Eto-2 is substantially decreased, whereas the amount of Lmo4 is increased several fold. The reduction in association between Ldb1 and Eto-2 is also reflected in the reduced coimmunoprecipitation of E2-2 and Lyl1 with ␣-Ldb1 and ␣-Eto-2 in induced cells. In addition, these complexes appear to interact with Runx1, but we have as yet not been able to characterise this interaction due to the poor quality of the available antibody.
Chromatin immunoprecipitations
To confirm that Eto-2 and Ldb1 are bound to chromatin at specific regulatory sites, we carried out chromatin immunoprecipitations using a number of erythroid genes: Gata1, Gypa, Myb, Myc and Eklf (Klf1 -Mouse Genome Informatics), for which the binding of Gata1 complexes is known . Among the Gata1 gene regulatory regions, the HS-3.5 is known to bind the 4917 RESEARCH ARTICLE Ldb1 complexes and haematopoiesis Gata1/Tal1/Ldb1 complex, whereas the DNaseI hypersensitive site in the gene (Gata1 IE) does not (Guyot et al., 2004) . The GATA-E box sites in the Gypa and Eklf promoters are also known targets of Gata1/Ldb1 (Lahlil et al., 2004; Rodriguez et al., 2005) . In contrast, the Myb and Myc genes bind a Gata1/Gfi1b complex . In all cases we find an enrichment for Gata1 (as expected) when compared with non GATA site negative control fragments (not shown) . In contrast, Eto-2 and Ldb1 were bound to Gata1, Eklf and Gypa (Fig. 4) , but not to Myc and Myb (not shown). The ratio of Eto-2/Ldb1 binding to the three elements, decreases during differentiation in C88 cells (Fig. 4) in accordance with the fact that there is less Ldb1/Eto-2 complex (see Fig. 2 ). Gata1, glycophorin A and Eklf proteins are expressed late in erythroid differentiation [the -3.5 HS of the Gata1 gene also regulates Gata1 expression in megakaryocytic cells (McDevitt et al., 1997; Onodera et al., 1997) downregulated. The decrease of Eto-2 levels in late erythroid cells suggests that Eto-2 adds a repressive function to the Gata1/Tal1/Ldb1 complex to keep late erythroid genes off early during differentiation. In contrast, Eto-2 is not essential for Gfi1b repressed genes such as Myb and Myc expressed at early stages .
Eto-2, Cdk9 and Lmo4 are required for definitive haematopoiesis in a zebrafish model system Ldb1 and its constitutive binding partners Lmo2 and Tal1 are essential for embryonic blood formation (Warren et al., 1994; Robb et al., 1995; Shivdasani, 1995) . We next asked whether the newly identified Ldb1 interacting partners E2A, Cdk9, Eto-2, Lmo4 and Mtgr1 are required for haematopoietic development. As the genetic regulation of embryonic and definitive haematopoiesis is highly conserved between zebrafish and mammals, we tested the role of these proteins by MO-mediated inhibition of mRNA translation in zebrafish embryos (Nasevicius and Ekker, 2000) . In zebrafish, primitive erythrocytes expressing embryonic haemoglobin derive from the intra-embryonic intermediate cell mass (ICM) and start circulating at 24 hpf. Shortly thereafter, with development of the definitive haematopoietic system, a ventrally located flk1-positive subpopulation of the dorsal aorta precursors starts to express runx1. runx1 is also expressed in primitive erythrocytes, the olfactory epithelium, Rohon-Beard neurons (Kalev-Zylinska et al., 2002) and the anterior paraxial mesoderm. ATG-MOs and mutated MOs targeted against the zebrafish orthologues of Cdk9, Eto-2, Lmo4, Mtgr1 and Ldb1 were injected at three increasing doses into one-to eight-cell stage embryos. To test the effects of these MOs on the embryonic and definitive haematopoeitic system, we analysed embryos after onset of blood circulation by in situ hybridisation with probes against embryonic ␤E1 and runx1, respectively (Fig. 5) .
Ldb1-MO-injected embryos displayed variable phenotypes at all doses, including deformation of the body axis, dysmorphic somites, abnormal tail morphology, haematopoietic defects resembling that of 4919 RESEARCH ARTICLE Ldb1 complexes and haematopoiesis the mouse (A.H., unpublished) and necrosis in the brain (not shown). The severity of defects increased with increasing dose of injected Ldb1-MO. As a negative control, we used mutated ATG-MOs and an MO targeted against tcf4, the zebrafish orthologue of Tcf7/2. The latter is not expressed in haematopoietic tissues and, when deleted, has a specific effect in the intestinal epithelium of the mouse (Korinek et al., 1998) . As expected, no effects of the mutated ATG-MOs (not shown) or tcf4-MO on the haematopoietic system were observed in the injected zebrafish at any dose. Embryos injected with the highest dose of tcf4-MO displayed some tail abnormalities.
The cdk9-MO had no effect on ␤E1 expression or expression of runx1 in the primitive erythrocytes located in the posterior ICM, the olfactory epithelium and the anterior paraxial mesoderm. However, they had a severe effect on definitive erythropoiesis. A 0.5-pmol dose of cdk9-MO showed a clear reduction of runx1 signal in the dorsal aorta region (n=10/18), which decreased further in embryos injected with 1 pmol (n=8/10). Surprisingly the effect appears to be specific to the haematopoietic system, although Cdk9 is expressed in many tissues (Bagella et al., 1998) .
Embryos injected with the eto-2-MOs had a similar phenotype. The reduction of runx1 expression in embryos injected with 0.5 pmol (n=13/16) and 1 pmol of eto-2-MO (n=5/7) was more severe compared with the cdk9-MO: runx1 in the dorsal aorta was either almost or completely abolished. Embryonic ␤E1 expression was normal in all eto-2-MO-injected embryos; however, some primitive erythrocytes in the caudal region were located laterally to the midline as opposed to their location in wild-type embryos. This is similar to the effect observed when sonic hedgehog signalling is inhibited (Gering and Patient, 2005) , suggesting that eto-2 may play a role in the response to extracellullar signals. Injection of 1-2 pmol of the mtgr1-MO did not affect embryonic haematopoiesis. Some reduction of runx1 expression in dorsal aorta precursor cells was observed at 38 hpf (n=5/25; Fig. 5B ).
Embryos treated with the lmo4-MO were comparable to knockdowns of cdk9 and eto-2. Expression of embryonic ␤E1 was normal, whereas reduced levels of runx1 were observed in the dorsal aorta region at 0.5 pmol MO (n=8/13) and decreased further with lmo4-MO injected at 1 pmol. In addition, some of the treated embryos appeared to have brain or neural tube abnormalities, which are the cause of perinatal death of the corresponding knockout mouse (Hahm et al., 2004; Tse et al., 2004; Lee et al., 2005) . These mice showed no defects in the haematopoietic system, although only half of the homozygous Lmo4 null mutants were born. The other half died around E9 of gestation, possibly due to a haematopoietic phenotype. The effects of the eto-2-, cdk9-and lmo4-MOs on the definitive haematopoietic system were still observable after 2 days (Fig. 5B) with normally circulating embryonic blood cells. At this stage of development the reduction in body size of the embryos injected with the eto-2-, cdk9-, lmo4-and mtgr1-MOs also became more apparent (Fig. 5B) .
We conclude that the newly identified Ldb1 interaction partners eto-2, cdk9 and lmo4 are essential for definitive erythropoiesis in zebrafish, whereas mtgr1 plays a less critical role. The fact that embryonic haematopoieis is intact shows that the expression of tal1 and gata1 is not affected by knockdown of eto-2, cdk9 and lmo4. The dorsal aorta is normally formed in such treated embryos, indicating that the eto-2, cdk9 and lmo4 are not required for vasculogenesis. It is noteworthy in this context that Eto-2 in zebrafish (this paper) and most of its constitutive binding partners, namely HEB and E47 in mouse (Zhuang et al., 1996) and Mtgr1 in mouse (Amann et al., 2005) and zebrafish (this paper), are not required for embryonic haematopoiesis.
Ldb1 interacting partners are expressed in the same cells in the para-aortic splanchnopleura of the early mouse embryo. The results obtained for the novel Ldb1 interaction partners in the zebrafish suggest that they would be expressed in the early mouse embryo at stages prior to the 'birth' of the definitive haematopoietic stem cells in the AGM (Durand and Dzierzak, 2005) . We therefore performed immunohistochemistry and immunofluorescence on E9.5 embryo sections (Fig. 6 ). Immunohistochemical analysis with ␣-Ldb1, ␣-E2A, ␣-Lmo2, ␣-Gata1, ␣-Eto-2 and ␣-Cdk9 showed that all are expressed in the para-aortic splanchnopleura (P-Sp), the region destined to contribute to the AGM (Fig. 6A,B) .
To further determine the expression pattern of the interacting proteins and to confirm that cells within the P-Sp co-express these proteins, we performed in situ immunofluorescence experiments on the cryosections. We found that cells positive for Gata1 expression also expressed Eto-2, Ldb1 and Runx1 (Fig. 6C ). Cells expressing Ldb1 were also positive for Runx1, E2A and Lmo2 (not shown).
Although we cannot analyse all of the proteins due to antibody incompatibilities, the observation that Gata1 and Eto-2, Gata1 and Ldb1, and Ldb1 and Runx1 are co-expressed in the pre-AGM cells of the P-Sp suggests that they form a complex that may be essential for the induction of the definitive haematopoietic system. The fact that Eto-2 is predominantly cytoplasmic at that time (Fig. 6C , column 3, panels Eto-2 and merge) suggests that it may respond to extracellullar signals at the prehaematopoietic stage. At later stages (fetal liver), it is abundant in the nucleus but its cytoplasmic expression is very weak. (see Fig. S2 in the supplementary material).
DISCUSSION
Ldb1 forms dynamic complexes during erythroid differentiation
By using a systems biology approach we identified all known and many new binding partners of Ldb1 and determined their importance for haematopoietic development. The important implication of this work is that the analysis of proteins co-expressed and interacting with each other in a late mature cell type are already implicated at the earliest stages of, in this case, blood development.
The Ldb1 proteome has a number of interesting interactions: (1) with Eto-2 (and Mtgr1); (2) with a large number of different bHLH proteins; (3) with Cdk9; and (4) with the Ssdp proteins, although this latter interaction was not analysed further. Recently we have shown that Gata1 forms at least five clearly identifiable protein complexes . We did not observe such distinct complexes for Ldb1. Clearly, Ldb1 forms a core complex with the known partners Gata1, Tal1, Lmo2 and E2A, and the newly identified partner Eto-2 ( Fig. 6) . Eto-2 also forms complexes with E2A and Tal1 without Ldb1. In the sequential immunoprecipitations we can distinguish between the preferential binding partners of Eto-2 and Ldb1, and deduce the existence of a higher order complex the formation of which is favoured in proliferating cells. At the same time it is difficult to separate groups of interacting proteins from each other by immunoprecipitations, especially if a protein interacts with others in different combinations. Hence, we are in the process of purifying the different complexes. With induction, levels of Eto-2 decrease and formation of the large complex is lower (Fig. 7) . Cdk9, which has been linked to cell-cycle progression (Bettencourt-Dias et al., 2004) , would no longer be part of the complex. This may explain why the cells stop proliferating upon differentiation. At the same time, the levels of Lmo4 increase, possibly replacing Lmo2/Eto-2 and leading to an activation of transcription of genes expressed after terminal differentiation.
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Development 133 (24) Noteworthy is the presence of a large number of DNA binding proteins within the complex, particularly the presence of at least five bHLH proteins and the zinc finger transcription factor Gata1. It is possible that such a complex may very well be involved in the establishment and/or facilitation of long-range interactions, processes in which Ldb1 has been implicated (Morcillo et al., 1997) . Specifically, in Drosophila melanogaster, Chip was identified in a screen for factors involved in the long-range gene activation of the cut gene. Chip was proposed to bridge the Pannier (GATA) and Achaete/Scute (bHLH) complexes causing the intervening DNA to loop out bringing DNA control elements into close proximity (Ramain et al., 2000) . The erythroid Ldb1-Lmo2-Tal1-E2A-Gata1 complex may have a similar role. It was recently shown that the complex binds to multiple sites in the ␣-globin locus (Anguita et al., 2004) . We envisage that these complexes also interact and promote long-range interactions in other gene loci, for example in the ␤globin locus ACH (Tolhuis et al., 2002) .
The Eto family members Eto-2 and Mtgr1 are thought to be repressors by binding the NCor/Sin3A/HDAC1 (Gelmetti et al., 1998; Lutterbach et al., 1998; Wang et al., 1998) complex. Eto-2 was the most abundant protein in the MS analysis, suggesting it is a direct (and crucial) binding partner of Ldb1 (confirmed by immunoprecipitations). We also observed that Eto-2 and its family member Mtgr1 interact with each other. Moreover Eto-2 appears to be the bridging factor for Ldb1 to interact with Mtgr1 ( Fig. 3, and see Fig. S1A in the supplementary material) . Eto proteins and the D. melanogaster orthologue nervy have four highly conserved protein interaction domains (Davis et al., 1999 ; and Gata1 was detected with specific antibodies and visualised with DAB. IgG panel shows the background staining with an unspecific IgG antibody. (C) Immunofluorescence analysis of E9.5 embryos with ␣-Eto-2, ␣-Ldb1, ␣-Runx1 and ␣-Gata1 antibodies. Specific staining is seen for both Eto-2 (green) and Gata1 (red) antibodies (second column), compared with the IgG control (first column). (Third column) Enlargement of the section shown in the second column. Merge is a superposition of images of the Eto-2 and Gata1 detection; cells that express both Eto-2 and Gata1 appear as yellow. The overlay of Gata1 and DAPI staining shows exclusive nuclear localisation of Gata1, whereas Eto-2 is seen in the nucleus and cytoplasm. (Fourth column) Ldb1-(green) and Gata1-(red) expressing cells are located in the dorsal aorta region; most of the cells positive for Ldb1 are also positive for Gata1 (Ldb1 is also expressed in other cell types). A similar pattern is shown for Gata1-(red) and Runx1-(green) expressing cells in E9.5 embryos (sixth column). (Fifth and seventh columns) High magnification of the same sections reveals more detail. DA, dorsal aorta; NT, neural tube. Davis et al., 2003) . The DNA binding of the Eto-2 complexes we describe probably occurs through its bHLH binding partners and/or Gata1.
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Interestingly, with induction Eto-2 and the Eto-2/Ldb1 complex decrease, while the level of Lmo4 increases. Thus, the level of the large Ldb1-Eto-2 complex drops to be replaced by one with Lmo4. Complementary results were obtained by other groups through characterisation of Tal1 complexes (Schuh et al., 2005; Goardon et al., 2006) . As indicated by the chromatin immunoprecipitation experiments, the repressive role of Eto-2 may very well explain how late erythroid genes become activated. An alternative or complementary explanation may be post-translational protein modifications of the Eto-2 complex members, a possibility that cannot be excluded at present.
A good candidate to carry out modifications and change specific interactions is Cdk9. This CDC2 orthologue precipitated differentially with Ldb1 in proliferating and differentiating C88 cells. The invariance of the main isoform independent of the cell-cycle stage has been reported (Garriga et al., 2003) . Cdk9 is thought to have two functions: regulating RNA polymerase II by phosphorylating its C-terminal domain (Marshall et al., 1996; Zhu et al., 1997) ; and regulating the cell cycle. A 'knockdown' of the D. melanogaster orthologue of Cdk9 causes an arrest at the G1 to S transition (Bettencourt-Dias et al., 2004) , congruent with the in vitro data that the human CDK9 orthologue phosphorylates Rb (Graña et al., 1994) . Interestingly, Gata1 has been found to interact with Rb in vitro (Whyatt et al., 1997) . We detect an interaction between Cdk9 and Ldb1 only in noninduced, proliferating C88 cells, suggesting Ldb1 and its partners might be involved in transcriptional control of the cell cycle through the dual function of Cdk9. Putative target genes could be E2F family members expressed in haematopoietic cells. Cdk9 also interacts with BRG1 and STAT3 to activate transcription of the cell-cycle inhibitor p21waf1 (Giraud et al., 2004 ), suggesting that Cdk9 has different functions in the cell cycle depending on its partners. In this context it is interesting that we detect Eto-2 protein in the cytoplasm of haematopoietic stem cell precursors ( Fig. 6 ) and of developing neurons (N.M., unpublished). Eto-2 may respond to extracellular signals by translocating from the cytoplasm into the nucleus, while it is downregulated in terminally differentiating cells. This suggests that Eto-2 plays a key role in the development of the definitive HSCs, and is required for the subsequent phases of expansion of the different lineages. It then needs to be downregulated to allow the activation of late genes such as Eklf for terminal differentiation.
Late erythroid differentiation complexes and early haematopoiesis
It is remarkable that the analysis of interacting proteomes of Gata1 and Ldb1 (this paper) in late erythroid cells has resulted in the identification of a number of proteins essential for early haematopoiesis (as found in the zebrafish experiments), in particular Lmo4, Cdk9 and Eto-2.
Lmo4 expression in mice has been detected at E9 from the caudal region of the dorsal and lateral paraxial mesoderm up to the direct vicinity of the dorsal aorta, suggesting that Lmo4 could play a role in HSC formation (Kenny et al., 1999) . Lmo4 is also upregulated in late T cell differentiation (Kenny et al., 1999) similar to that observed in C88 cells. In Xenopus, Xlmo4 and Gata-2 act synergistically in ventral mesoderm formation. However, an Xlmo4-MO did not prevent ventral mesoderm formation (de la Calle-Mustienes et al., 2003) . In zebrafish, lmo4 is expressed at gastrulation but not during ventral mesoderm formation (Lane et al., 2002) . In accordance with this, we found embryonic haematopoiesis in lmo4-MO-treated zebrafish embryos to be normal. We show the expression of lmo4 at later stages to be important for the formation of definitive HSCs in zebrafish. Whether the same phenotype is observed in mice remains to be determined.
MO-mediated repression of eto-2 had the most drastic phenotype in zebrafish -absence of runx1 expression in embryonic erythrocytes and lack of definitive haematopoiesis, suggesting it is essential for runx1 expression at that stage. Cdk9-MO-treated embryos lacked definitive cells. However in embryonic blood cells runx1 expression was detected, suggesting Cdk9 does not regulate runx1 directly.
The fact that these factors are already co-expressed in the same cells in the murine P-Sp before the generation of the definitive HSCs in the AGM (de Bruijn et al., 2000) suggests that they are also essential for definitive haematopoiesis in the mouse. Eto-2 and Cdk9 may be more important in this process than Gata1, because loss of Gata1 is not deleterious to these very early stages (with cytoplasmic Eto-2). This in turn suggests that Tal1, Ldb1 and Lmo2 are dominant at this stage. Because all of the Ldb1-bound Gata1 is complexed with Eto-2, we postulate that when Eto-2 translocates from the cytoplasm to the nucleus, the balance of interactions is changed causing the transition to a more proliferative Gata1-driven phase followed by terminal differentiation.
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Development 133 (24) Fig. 7 . Model of Ldb1 complexes in uninduced MEL cells. The horizontal arrows indicate that the balance of interaction is towards the large complex in proliferating noninduced cells. Upon the induction of differentiation and termination of proliferation the level of Eto-2 drops whereas the level of Lmo4 rises, hence the equilibrium would shift towards the smaller complexes. The presence of several DNA binding proteins in a single complex may explain the role of Ldb1 as a facilitator of long-range interactions.
